Spin-Current Shot Noise in Mesoscopic Conductors by He, Yuhui
 1
Spin-Current Shot Noise in Mesoscopic Conductors 
Yuhui He 
Department of Microelectronics, Peking University, Beijing 100871, China 
 
Abstract: In this paper, we present a method to investigate the spin-current shot noise in 
mesoscopic conductors, by using scattering matrix theory and Green’s function technique. We 
first derive a general expression for the spin-current noise at zero-frequency limit, and extract 
the shot-noise component by discussing it at zero-temperature limit. The expression indicates 
that the spin-current shot noise in one lead is caused by the transmissions to the spin-resolved 
states in this lead and the interferences of these transmissions. As an application, we simulate 
the spin-current shot noise in a spin transistor, and discuss its dependence on the device 
parameters and the bias voltages applied to the transistor. The knowledge we gain from this 
study will help researchers to evaluate the spin-current shot noise in the future spintronic 
devices. 
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I. Introduction 
As the dimensions of semiconductor devices go on scaling down, the device performance 
becomes more sensitive to the noise. In this aspect, the charge-current noise in nanoscale 
devices has been investigated extensively.[1,2] However, the spin-current noise, which 
characterizes the correlation of spin-currents, has received much less attention up to now.[3,4] 
For spintronic devices such as spin transistors [5] it is necessary and beneficial to investigate 
the spin-current noise. In these devices, the spin currents rather than the charge currents are 
used as the carrier of information. Therefore, to fully evaluate the performance of spintronic 
devices, knowledge of the spin-current noise is essential. 
Generally speaking, there are two kinds of intrinsic noise in conductors.[6] One is the 
thermal noise, also called Nyquist-Johnson noise, which is caused by the thermal motion of 
particles in conductors. The other is the shot noise, caused by the discreteness of particles. In 
this work we focus on the spin-current shot noise in mesoscopic conductors, since it is quite 
different from its counterpart in the classical limit. 
Theoretically, a few methods have been developed on this problem, including a 
semiclassical theory based on an extended spin-dependent Boltzman-Langevin equation [3] 
and a full quantum mechanical treatment using nonequilibrium Green’s function technique [4]. 
Here we propose our approach based on the scattering-matrix (S-matrix) theory and Green’s 
function technique. Compared to other approaches, S-matrix theory is the most successful and 
widely accepted theory for the electron transport in mesoscopic conductors, while Green’s 
function technique is a powerful tool for calculation and numerical simulation.[7] 
In section II, we demonstrate our theoretical approach to the spin-current shot noise in 
mesoscopic conductors, and illustrate the underlying physics in our final expression for the 
shot noise. 
As an application, we calculate the spin-current shot noise in a spin transistor (spin field 
effect transistor) in section III. Applying our general result to this particular structure, we 
obtain the expression for the spin-current shot noise in one lead. Then we employ recursive 
Green’s function technique and surface Green’s function technique to facilitate our calculation. 
After that, numerical results for the spin-current shot noise are presented, and its dependences 
on the device parameters and bias voltages are further discussed. 
 
II. A general derivation for spin-current shot noise 
We consider a general mesoscopic system: a central conductor with multiple 
two-dimensional (2D) leads connected to the corresponding electrodes. 
We start from the definition of the spin-current noise in α lead: 
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where ∆Pα(t) = Pα(t) − <Pα(t)> is the fluctuation of spin current in that lead. Here the 
spin-current in α lead is defined as Pα(t) = Iα↑(t) − Iα↓(t), where Iασ(t) is the spin-resolved 
electrical current with spin σ. Then we arrive at the following expression for the noise 
 ),(),(),(),()',( ttSttSttSttSttS ′−′−′+′= ↓↑↑↓↓↓↑↑ ααααα , (1.2) 
where Sασσ′(t, t′) is the spin-resolved current noise: [8] 
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In a similar way, we can derive the charge-current noise in α lead Cα(t, t’) as 
 ),(),(),(),()',( ttSttSttSttSttC ′+′+′+′= ↓↑↑↓↓↓↑↑ ααααα . (1.4) 
Eq. (1.2) and (1.4) show that the difference between spin-current noise and charge-current 
noise lies in the term Sασ −σ, which denotes time-domain correlation of fluctuation of 
spin-opposite currents Iασ and Iα −σ. Thus we will pay particular attention to it in the discussion 
and simulation. 
At steady state, the average currents have no ac components, that is, <I(ω)>=0 for ω≠0. 
With this in mind, we transfer Eq. (1.3) into the frequency domain, 
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To discuss the spin-resolved current operator Iασ, we use second quantization and 
introduce operators a†αmσ(ε) and aαmσ(ε), which create and annihilate incident electrons with 
energy ε and spin σ at the m channel in α lead. Next, we introduce b†αmσ(ε) and bαmσ(ε), which 
create and annihilate electrons in the outgoing states at the same channel in that lead. The two 
sets of operators satisfy the same commutation rules and are related by the S-matrix of the 
conductor: [9] 
 ∑ ′′ = σα σασασβσβ m mmnn asb , . (1.6) 
With the help of some interim quantities like the scattering states and field operators, we 
get the expression for the spin-resolved current operator Iασ at the low-frequency limit 
(ω≤1012Hz, and a more detailed derivation can be found in [10]): 
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To get the ensemble averages of the above operators and the correlations of them, we 
introduce an important relation based on the assumption of reflection-less contact [11] before 
proceeding on: 
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Here fα is the Fermi distribution function of α lead. The equation tells that the incident 
electrons in α lead obey equilibrium Fermi distribution of the corresponding α electrode. 
Based on this relation, the ensemble average of the spin-resolved current can be written as 
 ∑ ∫ ∑ ′ ′−>=< m n nm fTfdhetI )()( ,σβ βσβσααασ ε , (1.9) 
where Tαmσ,βnσ′ = |sαmσ,βnσ′|2. Since S-matrix is unitary, we have ∑βnσ′ Tαmσ,βnσ′ = 1. Inserting it 
into the above equation, we obtain the Landauer-Büttiker type expression for the 
spin-resolved currents: 
 ∫ ∑ ′ ′ −>=< σβ βασβασασ εεεε )]()()[()( , ffTdhetI . (1.10) 
Here Tασ,βσ′ = Tr(s†ασ,βσ′sασ,βσ′) = ∑m,nTr(s*αnσ,βmσ′ sαnσ,βmσ′) is the spin-resolved transmission 
probability from all states with spin σ′ in β lead to all electron states with spin σ in α lead. 
Using Eq. (1.6) and (1.8), we also get the following expression for Sασσ′ 
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where fβ = fβ(ε), fγ+ = fγ(ε+ћω), and the elements of matrix Aβγ(αmσ, ε, ε′) are 
)()()],,([ ,
*
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Eq. (1.11) is a general expression for the spin-resolved current shot noise spectrum in α 
lead. First we discuss it at the equilibrium state. Since all the electrodes have the same Fermi 
levels fα=fβ=…=fγ at equilibrium, we simplify Eq. (1.11) at the zero-frequency limit as 
follows 
 ∫ ∑ ′′ ′′′′′′ +−−∂∂−= ]2)[( ,,,
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The above equation illustrates that at equilibrium state the spin-resolved current noise at 
zero-frequency limit is determined by the corresponding spin-resolved transmissions near the 
equilibrium Fermi level of the system. We further find that if the spin-flip mechanisms cannot 
be neglected in the system, transmissions between spin-opposite states will occur. That is, Tβσ, 
α −σ ≠ 0, and so Sασ −σ ≠ 0. 
In the following, by utilizing Green’s function (GF) technique we will go beyond the 
equilibrium situation to the steady-state situation. We first write down the full Green’s 
function of central conductor 
 >′∑−−=<′ xHIxxxG rC
r |1|),( ε , (1.13) 
where HC is the Hamiltonian of the central conductor, I is a unit matrix and the self-energy Σ r 
= ∑ασ Σαrσ is the sum of couplings to electronic states with spin σ in each lead. Here we define 
the spin-resolved self-energy Σαrσ as 
 ∫ +′− ′′Γ=∑ ηεε εεπε ασασ idr )(21)( , (1.14) 
where Γασ is the related line-width function.[12] 
Using Fisher-Lee relation [13, 14], we express the S-matrix elements in terms of Green’s 
functions 
 ∑ ′ ′′′′ ′−= xx nxrxmnmnm wxxGwis . ,,,, ),(2 σβσασβσασβσα πδ , (1.15) 
where 2π∑mwx′,αmσwαmσ,x=[Γασ(ε)]x′, x. 
After a lengthy but straightforward calculation, we obtain the expression for the 
spin-resolved current noise at zero-frequency limit, 
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Here Fβγ = fβ(1−fγ) + fγ(1−fβ). In the above derivation, an relation i(G r−G a) = G rΓG a in the 
Green’s function theory has been employed many times. 
Eq. (1.16) is a general result for the mesoscopic spin-resolved current noise at 
zero-frequency limit. We have grouped the terms in the equation into five categories, with 
each group having a different physical significance. 
At zero-temperature limit, we can extract the shot-noise component from Eq. (1.16), since 
at this limit thermal noise will vanish leaving only shot noise. When kT=0, sασ1σ′ will vanish 
and so it represents thermal noise. For sασ2σ′, sασ3σ′, sασ4σ′ and sασ5σ′, those terms with β=α, or 
β=γ in the sum will also vanish and they represent thermal noise too. The remaining terms in 
sασ2σ′, sασ3σ′, sασ4σ′ and sασ5σ′ represent shot noise, and they are commonly in the form of a 
product of two factors. First we discuss the physical meaning of the factor Tr(ΓασGrΓβσ″Ga) in 
sασ2σ′. We know that the spin-resolved transmission probability Tασ,βσ′ can be expressed through 
the Green’s function as Tασ,βσ′ = Tr(s†ασ,βσ′ sασ,βσ′) = Tr(ΓασGrΓβσ′Ga). [7]. Thus the factor 
Tr(ΓασGrΓβσ″Ga) in sασ2σ′ represents spin-resolved transmission. With the above expression in 
mind, we also find that the factor such as Tr(ΓασGrΓγσ″GaΓασ′GrΓβσ″Ga) in sασ3σ′, sασ4σ′ and sασ5σ′ 
denotes the interference between different transmission processes Tασ,γσ″ and Tασ′,βσ″. The other 
factor in the production such as [fβ(1−fγ)+fβ(1−fγ)] (β≠γ) actually restrains an energy range 
between the Fermi levels of electron reservoir β and γ. Only in this energy rangy, 
transmissions or the interferences of transmissions will contribute to the shot noise. In Fig. 1, 
we show the interferences of spin-resolved transmissions denoted by sασ3σ′, sασ4σ′ and sασ5σ′ in 
the corresponding energy ranges. 
Since the spin-opposite current noise Sασ −σ makes the difference between spin-current 
noise and charge-current noise, we further investigate it in details. We insert a complete set of 
mutually orthogonal states into Eq. (1.16) and find it will involve factors like Gσ −σ, which is 
the spin-resolved submatrix of Eq. (1.13) and describes spin-flip propagations. If spin-flip 
process is neglectable, these factors are zero. Otherwise, the spin-opposite current noise will 
exist and distinguish the spin-current noise from charge-current noise. This conclusion is in 
accordance with that indicated by Sauret and Feinberg. [8] 
To investigate the quantitative dependence of the spin-current shot noise on device 
parameters and applied bias voltages, we will apply our method to the calculation of 
spin-current shot noise in a spin transistor, which is a typical kind of spintronic device. 
Numerical results and discussions are presented in section III. 
 
III. Spin-current shot noise in a spin transistor 
It is discovered that in two dimensional electron gas (2-DEG) made by narrow band gap 
semiconductor materials, the electron spin will precess under the constraining voltage 
perpendicular to the 2-DEG plain. This is the so called Rashba effect.[15, 16] Based on this 
effect, a structure for spin transistor (Datta-Das Transistor) is proposed: when there is 
 6
spin-polarized current injection from the source electrode made by ferromagnetic materials, 
we can tune the spin precession in the channel by changing the gate voltages, and detect it at 
the drain electrode also made by ferromagnetic materials.[5] 
In this section, we will investigate the spin-current shot noise in such a spin transistor: 
2-DEG lies in the x-y plain, and the channel is along the x direction. In the z direction, we 
apply gate voltage to induce Rashba effect. At the left and right ends, there are 2D 
ferromagnetic leads connected to the corresponding electrodes (as seen in Fig. 2). Here we 
have set the magnetic polarization of the leads to be parallel. 
For the Ferromagnetic leads, the Hamiltonian is written as Hα=Σkσ (εk+σµ)a†kσakσ. And the 
Hamiltonian of the central 2-DEG is 
 ),()(
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C +−++= σσαh , (2.1) 
where α~<Ψ(z)|(d/dz)V(z)|Ψ(z)> is the spin-momentum interaction coefficient. We employ 
the tight-binding lattice representation {|Φmn,σ>}, where n denotes the discrete lattice along the 
transverse y direction, and m denotes that along the longitudinal x direction. Then we write 
down HC layer by layer along x direction: Hm (m=1, 2, …, M) and Vm,m+1 (m=0, 1, …, M). 
Here Hm is the intra-layer Hamiltonian for the m layer, and Vm,m+1 is the inter-layer 
Hamiltonian for the couplings between the m and m+1 layer. Their dimension is determined 
by the number of discrete lattices along y direction. 
After discretization of Eq. (2.1), the elements of Hm and Vm,m+1 are as follows 
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where tx,y=ћ2/2ma2x,y, and γx,y=α/2ax,y. Here ax and ay are the tight-binding lattice parameters 
along x and y directions. 
Applying Eq. (1.16) to the above structure, we get the spin-resolved current shot noise in 
the left lead as follows: 
 ∫ ΓΓΓΓ−ΓΓ= ′′′ maxmin 111111
2
)(
µ
µ σσσσσ
σσ δε aMRrMLaMRrMLaMRrMLL GGGGGGTrdh
eS , (2.4) 
where µmax=max{µL, µR} and µmin=min{µL, µR}. From Eq. (2.4), we need to calculate the full 
GF G1rM and GMr1, which denote the electron propagation between the leftmost 1 layer and the 
rightmost M layer. In this work we build up them recursively by employing the lattice Green’s 
function technique.[17] 
First, we consider the rightmost M layer, and write its partial Green’s function as 
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We can see that this Green’s function is neither full Green’s function nor free Green’s function 
of M layer. It only takes the coupling to its right part into account. Thus we call it partial 
Green’s function. 
Then, we move on to M−1 layer, and calculate its partial GF, again taking into account the 
coupling to its right parts, 
 11,,111 ][
−
−−−− −−= MMrMMMMrM VgVHIg ε . (2.6) 
We move on by adding layer by layer according to the Dyson’s equation. For m layer, its 
partial GF is 
 11,,111 ][
−
−−−− −−= mmrmmmmrm VgVHIg ε , (2.7) 
and finally arrive at the leftmost 1 layer. Now we take the coupling to both left and right side 
of it into account, and have 
 11,222,111 ][
−∑−−−= rLrr VgVHIg ε . (2.8) 
Since couplings to all parts of the device have been included, grI is just the full GF of 
layer 1 
 rr gG 111 = . (2.9) 
To obtain GrM1, we now divide the system into two parts at the interface of M−1 layer and 
M layer. Then, we expand GrM1 according to Dyson equation 
 rMMM
r
M
r
M GVgG 1,11,1 −−= , (2.10) 
where grM is partial Green’s function, and GrM−1,1 is the full Green’s function. 
Similarly, to build up GrM−1,1, we divide the device into two parts at the interface of M−2 
layer and M−1 layer, and expand GrM−1,1 as: 
 rMMM
r
M
r
M GVgG 1,22,111,1 −−−−− =  (2.11) 
Thus we obtain a recursive formula 
 rmmm
r
m
r
m GVgG 1,22,111,1 −−−−− = . (2.12) 
Combining the above results, we get the expression for GrM1 
 rMM
r
MMM
r
M
r
M GVVgVgG 111,22,111,1 L−−−−= . (2.13) 
G1rM can be calculated in similar way. Compared with other techniques, this recursive 
approach will obviously relax the memory requirements and enhance the computational 
speed. 
It is worth mentioning that both the above calculations for full GF and for line-width 
functions in Eq. (2.4) need the surface Green’s functions of the leads 
 )Im(2 1,1,11,1 σσσσ −−−−=Γ VgV rL . (2.14) 
We build up surface GF gr−1,σ with the surface Green’s function technique developed by Lee 
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and Joannopoulos [18], because this approach is easier to implement and faster than any other 
approach currently available. 
In the following, we present our simulation results and discuss the underlying physics. 
First, we show the dependence of the spin current and its shot noise on the channel length in 
Fig. 3. The tight-binding lattice parameter a is set to be 2.8nm, the spin-momentum 
interaction coefficient α is 23.8*10−12 eV·m, while the nearest hopping energies tx and ty are 
0.125eV.[19] Here we set the source-drain bias µL−µR=0.8 eV. We alter the number of discrete 
lattices along the channel length direction from 40 to 240, and set the number of discrete 
lattices along the channel width direction to be 10. This results in a channel length varying 
from 112nm to 672 nm, and a fixed channel width of 28nm. From the figure, we can see as the 
length of the channel increases, both the spin-resolved currents Iασ and the shot noise Sασσ′ vary 
periodically. This can be understood in the following way: given a fixed gate voltage, the 
angular frequency of spin precession in the channel of spin transistor is determined. As the 
channel length gradually increases, the amount of spin rolling from source to drain will 
change periodically (as seen in Fig. 2), thus the spin-current and its shot noise will also 
change periodically. Besides, we find that the magnitude of the spin-opposite current shot 
noise SLσ −σ is much smaller than the spin-parallel current shot noise SLσ σ. We think there are 
two factors contributing to this difference. First, SLσ σ contains a spin-resolved transmission 
term while SLσ −σ does not. Second, from Eq. (2.4) we find that SLσ −σ is a product of 
transmissions to spin-opposite (σ and −σ) states in L lead. These transmissions are repulsive, 
because the sum of them should be no greater than 1. Therefore, the product of them is much 
smaller than themselves. When the difference between these transmissions is the largest, the 
product of them is smallest while the spin current is largest. This explains why SLσ −σ is 
minimal at the extreme of the spin current. Another interesting phenomenon is that the 
spin-opposite current shot noise is always negative. The reason can be found in Eq. (2.4): 
There is a “−” sign before the product of the transmissions to spin-opposite states in the 
expression for SLσ −σ. 
Then, the spin-current shot noise SL, its spin-opposite component SLσ −σ and its Fano factor 
as a function of the channel width are shown in Fig. 4. Fano factor, which characterize the 
mesoscopic deviation of shot noise from its classical value 2eI, is defined as [20] 
 
eI
I
2
)( 2 >∆<≡γ . (2.17) 
In this figure, we set M=94, at which length the spin current has extreme value according to 
Fig. 3. We find that both the spin current (unshown) and its shot noise increase linearly with 
the channel width. We attribute this phenomenon to the linearly increased number of 
one-dimensional (1D) subbands with wider transistor channel in the bias-restrained energy 
range. From the lower figure, we can see the Fano factor is always lesser than 1. This means 
that the spin-current shot noise in mesoscopic conductors is lesser than their classical 
counterparts. This suppression of shot noise is caused by Pauli exclusion principle [12]. 
Fig. 5 shows the dependence of spin-current shot noise SL, one of its components SLσ −σ 
and its Fano factor on the spin-momentum interaction coefficient α. From (2.1), we can see 
gradually changed α leads to gradually changed spin-precession angular frequency ω in the 
channel. Given fixed channel length, this will result in gradually changed amount of spin 
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rolling from the source to drain. Therefore, the spin current (unshown) and its shot noise SL 
will oscillate with α, but the average values of them change little. From the upper figure, we 
also find that the spin-opposite current noise SLσ −σ is nearly zero when α is very small, which 
meets with our predictions in section II. The lower figure shows that the Fano factor γL 
changes roughly in accordance with the SL. This implies that the denominator of γL, that is, the 
electrical current in the left lead IL=IL↑+IL↓ changes little with the spin-momentum interaction 
coefficient. Physically, it is because the variance of electrical current IL as the spin-momentum 
interaction coefficient changes is quite small compared to the average value of IL. 
Fig. 6 shows the spin-current shot noise SL, one of its components SLσ −σ and the 
corresponding Fano factor γL as a function of the source-drain bias. From the upper figure we 
find that the shot noise is near zero when the source-drain bias is small. We infer that under 
this condition, few electron states exist within this narrow “energy window”, so the current 
and noise approach to zero. At small bias (less than 0.1eV), SL and SLσ −σ increase linearly with 
the bias. When the bias goes on increasing, however, their changing trends deviate from the 
linear increment. We attribute this phenomenon to the nonlinearity of the leads’ energy band 
with larger bias. Finally, when the bias is up to 1eV, the spin-current noise stops increasing 
and becomes saturated. This is caused by the decreased spin-polarization as the source-drain 
bias increases. The spin polarization in α lead is defined as pα=(Iα↑−Iα↓)/(Iα↑+Iα↓). From the 
inset figure which plots the spin polarization in the left lead pL as a function of the bias, we 
find that as the bias increases, the spin-polarization decreases to zero rapidly. This will lead to 
zero spin current and saturated spin-current shot noise. In the lower figure, we can see the 
Fano factor of spin-current shot noise decreases monotonously as the bias increases. This 
means that the increasing speed of spin-current noise in mesoscopic conductor is always 
lesser than that at the classical limit as the source-drain bias increases. We think this universal 
suppression of the mesoscopic shot noise is a typical quantum effect due to Pauli exclusion 
principle. 
Finally, for the experimental observation and verification, we suggest the spin noise 
spectroscopy detection technique developed by Oestreich etc.[22] 
 
IV. CONCLUSION 
In this work, we have developed a general expression for the mesoscopic spin-current 
noise at zero-frequency limit. The framework is based on scattering matrix theory and Green’s 
function technique. The shot-noise component is extracted at zero-temperature limit, and 
recognized as a sum of spin-resolved transmissions and interferences of these transmissions, 
in the corresponding bias-restrained energy ranges. As an example, we apply our method to 
the calculation of spin-current shot noise in a spin transistor and present our numerical results. 
We demonstrate that not only is Green’s function technique useful in the derivation of a 
general expression for the spin-current shot noise, but it will also greatly facilitate the 
calculation and numerical simulation of a particular structure. Our numerical results show that 
the spin-current shot noise will change roughly in accordance with the spin-current as the 
channel length and width of the spin transistor changes. It will oscillate as the 
spin-momentum interaction coefficient varies in the channel. Besides, it will become 
saturated at large source-drain bias. The knowledge we gain in this work will help us evaluate 
the spin-current shot noise in mesoscopic conductors and optimize the design of future 
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spintronic devices. 
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Figure Captions 
 
Fig.1. (a), (b), (c) give a schematic view of interference between different transmission 
processes which lead to spin-current shot noise in sασ3σ′, sασ4σ′ and sασ5σ′, respectively. 
 
Fig. 2. A sketch map of the spin transistor. 
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Fig. 3. Spin-resolved currents and the spin-current shot noise as a function of the channel 
length. Here we have set N=10 so that the channel width is about 28.4nm. M is changed from 
40 to 240. SL↑↓ is the spin-opposite current shot noise in the left lead, while SL is the 
spin-current shot noise in that lead. 
 
Fig. 4. The spin-current shot noise and its Fano factor as a function of the channel width. 
M=94, while other parameters are the same as Fig. 3. Here γL is the Fano factor for the 
spin-current shot noise. 
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Fig. 5 The spin-current shot noise and its Fano factor as a function of the spin-momentum 
interaction coefficient α. M=94, while other parameters are the same as Fig. 3. Here γL is the 
Fano factor for the spin-current shot noise. 
 
Fig. 6 The spin-current shot noise and its Fano factor as a function of the source-drain bias. 
Inset is the spin-polarization as a function of the source-drain bias. M=94, N=10, while other 
parameters are the same as Fig. 3. µR is set to be zero, and we change the µL. 
 13
 
Reference 
1. Y. Imry, Introduction to Mesoscopic Physics (Oxford, New York, 1997) 
2. M. J. M. de Jong and C. W. J. Beenakker, Shot Noise in Mesoscopic Systems, in 
Mesoscopic Eletron Transport, edited by L. L. Sohn, L. P. Kouwenhoven and G. Schön, 
NATO ASI Series E: Applied Science, Vol. 346, Ch. 6(Kluwer Academic Publishes) 
3. M. Zareyan and W. Belzig, Phys. Rev. B 71, 184403 (2005) 
4. B. Wang, J. Wang and H. Guo, Phys. Rev. B 69, 153301(2004) 
5. S. Datta and B. Das, Appl. Phys. Lett. 56 665 (1990) 
6. W. Schottky, Ann. Phys. (Leipzig) 57, 541 (1918) 
7. S. Datta, Electronic Transport in Mesoscopic Systems (Cambridge University Press, 
Cambridge, 1995) 
8. O. Sauret and D. Feinberg, Phys. Rev. Lett. 92, 106601 (2004) 
9. R. Loudon, Disorder in Condensed Matter Physics, edited by J. A. Blackman and 
J.Taguna (Clarendon, Oxford, 1991), p.31 
10. M. Büttiker, Phys. Rev. B 46, 12485 (1992); M. Büttiker, J. Math. Phys. 37, 4793 (1996) 
11. A. Szafer and A. D. Stone, Phys. Rev. Lett. 62, 300 (1989) 
12. H.Haug and A. P. Jauho, Quantum Kinetics in Transport and Optics of Semiconductors 
(Springer-Verlag, Heidelberg, 1998) 
13. D. S. Fisher and P. A. Lee, Phys. Rev. B 23, 6851 (1981) 
14. T. Gramespacher and M. Büttiker, Phys. Rev. B 56, 13026 (1997) 
15. E. I. Rashba and Fiz. Tverd Tela, Sov. Phys. Solid. State 2 1109 (1960) 
16. Y. A. Bychkov and E. I. Rashba, J. Phys. C 17 6039 (1984) 
17. D. J. Thouless and S. Kirkpatrick, J. Phys. C: Solid State Phys. 14, 235 (1981) 
18. D. H. Lee and J. D. Joannopoulos, Phys. Rev. B 23, 4997(1981) 
19. C. M. Hu, C. Zehnder, Ch. Heyn and D. Heitmann, Phys. Rev. B 67, 201302(R) (2003) 
20. Yadong Wei, Baigeng Wang, Jian Wang and Hong Guo, Phys. Rev. B 60, 16900 (1999) 
21. T. Martin and R. Landauer, Phys. Rev. B 45, 1742 (1992) 
22. M. Oesteigh, M. Römer, R. J. Haug, and D. Hägele, Phys. Rev. Lett. 95, 216603 (2005) 
